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Flowers develop from the coordinated division and differentiation of cells derived from the shoot apical meristem. By
inducing chromosomal deletions in individual shoot apical meristem cells, we have generated Arabidopsis plants that are
genetically mosaic for the homeotic PISTILLATA gene. Flowers bearing wild-type PISTILLATA epidermal tissue and
mutant pistillata internal tissues are phenotypically normal. Based on this non-cell-autonomy, we suggest that PIS-
TILLATA controls the production of a substance involved in cell±cell communication between the outer and inner tissue
layers of the ¯ower. These mosaic ¯owers were also used to assess the relative contributions of meristematic cells to
the developing ¯oral organs. These observations indicate that meristematic cells have discrete but somewhat variable
contributions to the Arabidopsis ¯ower. We have used these results to construct a fate map of the Arabidopsis ¯oral
primordium. q 1996 Academic Press, Inc.
INTRODUCTION not determine the fate of a particular cell or its progeny, it
appears that the position of a cell in the developing organ
dictates its eventual differentiated fate. Despite this devel-Plants form organs throughout their lifetime by the con-
opmental plasticity, cells derived from the shoot apical mer-tinued proliferation of cells from the shoot and root apical
istem do have preferred patterns of division. Histologicalmeristems. The apical meristems arise during embryogene-
and mosaic analyses of shoot apical meristems from a vari-sis and are small populations of cells which divide relatively
ety of species indicate that the meristem is organized intoslowly to give rise to the differentiated organs and tissues.
several layers (Steeves and Sussex,1989). In dicots, the outerCells on the ¯anks of the shoot apical meristem give rise
L1 layer of cells divides anticlinally to give rise to the epi-to leaves during vegetative growth and after the ¯oral transi-
dermis, while the inner L2 and L3 layers give rise to thetion to in¯orescence and ¯oral structures.
internal tissues (Satina et al., 1940; Stewart,1978; Tilney-Mosaic analyses have been used to study the contribution
Bassett, 1986).of particular meristematic cell lineages to the ®nal differen-
Genetic mosaics have also been used to assess the roletiated pattern of the shoot (for reviews see Irish, 1993; Poe-
of a particular gene product in mediating some aspect ofthig, 1987). By marking individual cells in the shoot apical
morphogenesis. By constructing a plant which is a chimerameristem, the fates of these meristematic cells and their
of wild-type and mutant tissues, the cell autonomy or non-progeny can be traced. Such studies have led to the construc-
cell-autonomy of the gene product in question can be as-tion of fate maps for the embryonic shoot apical meristem
sessed. For instance, mosaic analysis has been used in Antir-in maize (McDaniel and Poethig, 1988; Poethig et al., 1986),
rhinum to assess the role of the ¯oricaula (FLO) gene insun¯ower (Jegla and Sussex, 1989) and Arabidopsis (Furner
specifying ¯oral cell fates. These studies have shown thatand Pumfrey, 1992; Irish and Sussex, 1992). Although these
a wild-type epidermal cell layer, in an otherwise ¯o mutantfate maps differ in detail, they all indicate that while cells in
meristem, can give rise to nearly normal ¯owers (Carpenterthe embryonic shoot apical meristem have preferred fates,
and Coen, 1995; Hantke et al., 1995). These results suggestthese fates are not strictly limited. Since cell lineage does
that the wild-type FLO gene product can act in a non-cell-
autonomous manner to confer a largely wild-type develop-
mental pattern on ¯oral meristematic cells.1 To whom correspondence should be addressed. Fax: (203) 432-
5632. E-mail: vivian.irish@yale.edu. Like other dicots, Arabidopsis ¯oral primordia are de-
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rived from three meristematic cell layers. To elucidate how and two carpels which fuse to form the gynoecium (Figs. 1A
and 1B). To investigate the contribution of the meristematiccells interact to form the ¯oral pattern, we have generated
mosaic Arabidopsis plants in which derivatives of one or cells layers to the mature Arabidopsis ¯ower, as well as the
role of PISTILLATA (PI) in intercellular interactions, wemore of the meristematic cell layers were genetically mu-
tant for PISTILLATA (PI). Mutations in PI result in home- have generated chimeric plants in which derivatives of one
or more of these cell layers are genetically mutant for 3otic transformations of petals into sepals, and stamens into
carpelloid organs (Bowman et al., 1989; Hill and Lord, 1989). loci: pistillata-1 (pi-1), albina 2 (alb2), and transparent testa
glabra (ttg). Recessive loss-of-function mutations in PI re-Genetic analyses have suggested that the PI gene acts in
combination with the products of other homeotic genes to sult in a homeotic conversion of second whorl organs into
sepal-like structures, and third whorl organs into carpel-effect normal second and third whorl organ development
(Bowman et al., 1989; Coen and Meyerowitz, 1991). The PI like organs which can be found unfused, partially fused, or
fully fused to the central gynoecium (Bowman et al., 1989)gene is a member of the MADS-box family of genes (Goto
and Meyerowitz, 1994) which have been postulated to en- (Figs. 1C and 1D). Histological studies of pi-1 mutant ¯ower
buds indicate that deviations from normal can be seen ascode transcription factors (Schwarz-Sommer et al., 1990).
These genetic and molecular analyses have suggested a soon as third whorl organs are initiated, with defects in
second whorl development occurring soon after (Hill andmodel in which combinatorial interactions between differ-
ent homeotic gene products specify positional identity Lord, 1989). The alb2 mutation affects chlorophyll accumu-
lation and results in a cell-autonomous white phenotypewithin the developing ¯ower via transcriptional control
(Bowman et al., 1991). We ®nd that the PI gene product acts (Relichova, 1976). The transparent testa glabra (ttg) muta-
tion eliminates most of the trichomes on the epidermisnon-cell-autonomously, and it appears that expression of
the PI gene product in just the L1 layer of the ¯ower is (Koornneef, 1981).
Mosaic plants were produced by irradiating seeds hetero-suf®cient to confer a wild-type pattern of development.
We also have used these genetic mosaics to investigate zygous for a triply mutant chromosome carrying the alb2,
pi-1, and ttg mutations. These three loci are closely linked,the contributions of meristematic cells to the mature Arabi-
dopsis ¯ower. We ®nd that there is little L3 contribution with ALB2 mapping at 21.8 cM, PI at 28.4 cM, and TTG at
35.5 cM on the top arm of chromosome 5 (Koornneef et al.,to much of the ¯ower. Based on the distribution of mosaic
tissues within the ¯owers, we have constructed a fate map 1993). Irradiation induced loss of wild-type sequences in the
heterozygous alb2 pi-1 ttg/ALB2 PI TTG seed should resultof the ¯oral primordium. These data also indicate that cell
position plays a signi®cant role in determining cell fate in in a sector of hemizygous mutant tissue. Since alb2 is ho-
mozygous seedling lethal and pi-1 is homozygous femalethe ¯ower. These results, in combination with the observa-
tion of PI non-cell-autonomy, suggest that the PI gene is sterile, seeds to be irradiated were obtained by crossing alb2
pi-1 ttg/ALB2 PI ttg plants with ALB2 PI TTG/ALB2 PIrequired for establishing positional cues required to coordi-
nate the appropriate development of cell types in different TTG as the pollen donor. Approximately 50% of the re-
sulting seeds should be heterozygous for the triply mutantlayers of the ¯oral organs.
chromosome. We scored the irradiated plants for albino sec-
tors in leaves and in¯orescences (Fig. 2A). Albino sectorsMATERIALS AND METHODS
could be scored in the derivatives of the L2 and L3 layers,
Arabidopsis dry seed were irradiated (65 rad/min) in a cobalt60 but were dif®cult to score in the epidermis of Arabidopsis.
gamma ray source maintained by Yale University. Immediately
The presence of trichomes in the epidermis was used toafter irradiation, seed were planted in trays of 12:3:1 vermicu-
con®rm that the genotype of the L1 cell layer in sectoredlite:soil:sand, and grown under 16-hr day/8-hr night conditions,
plants was wild type. In addition, occasional invasions ofwith a combination of incandescent and ¯uorescent lighting (175
L1 cells into the L2 layer, resulting in patches of greenmmole/m2/sec). Plants exhibiting albino sectors were transplanted
to individual pots for further analysis. Self-crosses and outcrosses mesophyll, were also used to demonstrate that the L1 layer
were performed manually, with sectored plants used as both male was genotypically ALB2 (Fig. 2B).
and female parents in progeny tests. The presence of the ttg or pi Dry seeds were g-irradiated (35 krad), planted, and 19,100
mutant phenotypes in albino plants could be scored by growing plants were screened for sectors expressing the alb2 pheno-
the albino seedlings to maturity in tissue culture medium which type in the leaves and the in¯orescences. Sixty-four plants
consisted of 11 Murashige and Skoog salts plus vitamins (Sigma), displaying putative alb2 sectors were recovered. Since sec-
10 g/liter sucrose, 0.5 g/liter 2-(N-morpholino)ethanesulfonic acid,
tors in leaves have a high probability of passing into thepH 5.7, and 7.5 g/liter tissue culture agar (Carolina Biological Sup-
associated axillary bud (Furner and Pumfrey, 1992; Irish andply). Sectored ¯owers were photographed with a Nikon camera
Sussex, 1992), plants with sectored leaves were judiciouslymounted on a Wild dissecting microscope.
decapitated to promote the outgrowth of sectored axillary
in¯orescences. Among the 64 plants displaying albino sec-RESULTS
tors, we were able to propagate 37 of these sectors into
Generation and Identi®cation of Mosaic Plants in¯orescence tissues. Progeny testing of these 64 sectored
plants indicated that they all belonged to the population ofThe wild-type ¯ower of Arabidopsis is organized into
concentric whorls of four sepals, four petals, six stamens, plants heterozygous for the alb2 mutation, supporting the
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FIG. 1. Morphology of wild-type and pistillata-1 mutant ¯owers. (A) Wild-type ¯ower. (B) Schematic diagram of wild-type. (C) Homozy-
gous pi-1 mutant ¯ower. (D) Schematic diagram of pi-1 mutant ¯ower.
hypothesis that these sectors resulted from a mutational of the 19,100 irradiated plants scored. This observation indi-
event encompassing the ALB2 locus. cates that the PI gene functions non-cell-autonomously.
A subpopulation of approximately 3000 irradiated plants In order to try and de®ne which cell layers were required
was also screened for trichomeless sectors. Four plants dis- for PI function, we used the albino phenotype as a cell-
playing putative ttg sectors on the leaves were obtained, autonomous marker to follow the genotype of the different
but none of these sectors were propagated into in¯orescence cell layers in sectors. Since the ALB2 locus is closely linked
tissues. Progeny testing of these four plants indicated that to the PI locus (6.6 cM apart), irradiation-induced loss of
they belonged to the two expected classes of genotypes, the ALB2 allele frequently should be accompanied by loss
with two which were genotypically alb2 pi ttg/ALB2 PI of the PI allele. All chimeras in which either the L2 or L2
TTG, while the other two were ALB2 PI ttg/ALB2 PI TTG. and L3 layers were albino were phenotypically wild type in
¯oral form and showed no sign of homeotic transformations
Plants Mosaic for the pistillata Mutation (Table 1, Figs. 2E±2H). The lack of concordance between
the genotype and the phenotype of the sectors suggests thatDespite recovering both albino and trichomeless sectors,
we never recovered phenotypically pi mutant ¯owers out the wild-type product of the PI gene acts in a non-cell-
FIG. 2. Examples of mosaic ¯owers. (A) Overview of a mosaic plant displaying axillary in¯orescences with hemizygous mutant L2 and L3
layers (alb2 pi ttg/D). (B) Close-up view of the periclinal chimeric in¯orescence shown in (A). Note the presence of green patches of cells on
the sepals (arrow) representing invasion events of wild-type L1 cells (ALB2 PI TTG/alb2 pi ttg) into the hemizygous mutant L2 layer (alb2 pi
ttg/D). (C) L2 chimeric ¯ower, showing white sepals and a green pedicel. The green color of the base of the pistil suggests a variable contribution
of the L3 layer to gynoecial tissues. (D) L2L3 chimeric ¯ower, displaying white sepals, white pedicel, and white gynoecium. (E) L2 mericlinal
chimeric ¯ower. Two stamens have been removed, and the pistil has been removed to the side and organs ¯attened to display the ¯ower more
clearly. The sector split the ¯ower in half. Note the white color of the sectored sepals, indicating that they are composed only of derivatives
of the L1 and L2 layers. The structures within or outside the sector display the same wild-type morphological phenotype. (F) The left diagram
shows the extent of the albino sector within the ¯ower illustrated in (E). Sector boundaries are drawn according to the extent of the sector
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within the green organs of the ¯ower. The right diagram represents a schematic lateral cross section through the ¯oral meristem that gave
rise to the mosaic ¯ower illustrated in (E). The three meristematic layers (L1, L2, and L3) are indicated. (G) Periclinal chimeric ¯ower with
hemizygous mutant L2 and L3 layers. (H) Diagrams of the extent of the sector illustrated in (G).
/ 6x09$$8136 01-24-96 02:34:20 dba Dev Bio
26 Bouhidel and Irish
TABLE 1 mission. In the last group, no germ line transmission of
Floral Phenotypes Recovered in Mosaic Flowers the PI allele was observed (B4.1.11, Table 2). The albino
recombinant progeny class (pi, TTG) recovered from this
Type of mosaic Flowers Wild type ¯oral Abnormal number line may be explained in two different ways. First, poor
¯ower scoreda morphology of ¯oral organs germinal transmission of the irradiated chromosome (de-
leted for the ALB2 and PI loci) could result in the relativelyMericlinal L2 47 (17) 42 (16) 5 (1)
rare recovery of this class of progeny. Alternatively, thePericlinal L2 27 (13) 27 (13) 0 (0)
Mericlinal L2L3 24 (8) 23 (7) 1 (1)b irradiated chromosome may not be transmitted at all, but
Periclinal L2L3 66 (14) 62 (11) 4 (3) may be used as a substrate for recombination between the
PI and TTG loci. The fact that we did not recover any recom-
a The ®rst value represents the number of ¯owers scored; the bination events between the alb2 and pi mutations in the
value in parentheses indicates the number of in¯orescences dis-
progeny of the B4.1.11 plant supports the hypothesis thatplaying this type of mosaic ¯ower.
the sector recovered in this plant resulted from loss of theb This single mericlinal L2L3 mosaic ¯ower was associated with
chromosomal region containing both the ALB2 and PI loci.one of the three independent periclinal L2L3 mosaics reported in
It is worth pointing out that only 8 of 27 sectored in¯ores-the row below.
cences tested were able to set seed, suggesting that a major-
ity of chromosomal abberations in this region of chromo-
some 5 disrupt sporogenesis. As such, in the sectored plants
which were able to set seed, there was a bias against recov-autonomous fashion and implies that its expression in the
L1 layer is suf®cient to confer a normal ¯oral phenotype. ery of large deletions including both the ALB2 and PI loci.
One exceptional sectored plant was recovered in which
some of the sectored ¯owers displayed an increased number
of abnormally shaped organs in all four whorls, although Cell Lineage in the Flower
other sectored ¯owers from the same plant were morpholog-
ically normal (Table 1). Three other exceptional sectored The recovery of alb2 sectors in the ¯ower allowed us to
evaluate the contributions of meristematic cell layers toplants displayed a reduced number of ¯oral organs in the
®rst three whorls in a few of the sectored ¯owers (Table 1). the green ¯oral organs. Two classes of periclinal mosaic
¯owers were recovered. One class of mosaic ¯owers wasWe suspect that these phenotypes were due to mutational
events associated with the induction of the albino sector composed of green pedicels, with white sepals and mosaic
gynoecia (Fig 2C). These mosaic gynoecia had a variablebut not to the hemizygosity for the pi-1 mutation.
To investigate the extent to which loss of the ALB2 locus amount of green tissue in the lower part and were white
in the upper half. The pedicel phenotype of these ¯owerswas associated with the loss of the PI locus, we analyzed
the segregation of the PI allele in the progeny recovered indicates that the internal tissues contained an alb2 L2
layer, and a wild-type ALB2 L3 layer (termed L2 mosaicfrom selfed mosaic ¯owers. Progeny testing of mosaic
¯owers was impaired by the fact that in 19 cases no viable ¯owers). Since these ¯owers have white sepals, it appears
that there is little or no L3 contribution to the sepals. Histo-seed were recovered, but in eight independent mosaics F2
progeny were obtained. Several classes of albino progeny logical studies and lineage analyses of developing Arabi-
dopsis ¯owers indicate that sepals appear to result fromtypes were recovered in these experiments. In the ®rst
group, the induced mutation at the ALB2 locus did not af- divisions predominantly in the L1 and L2 layers (Furner and
Pumfrey, 1993; Hill and Lord, 1989) supporting our observa-fect the transmission of the mutated chromosome, resulting
in an approximately normal segregation ratio (plants B.4.13, tion. The second class of mosaic ¯owers had completely
white pedicels, white sepals, and white gynoecia, indicatingB.4.14.11; Table 2). These induced mutations are likely to
correspond to point mutations or small deletions in the that both L2 and L3 layers were mutant for ALB2 (termed
L2L3 mosaic ¯owers) (Fig. 2D).ALB2 locus. The second group of sectored plants showed a
skewing of the expected ratios of progeny classes (plants Mosaic ¯owers were found on both the primary in¯ores-
cence (or main ¯orescence) as well as axillary in¯orescencesB4.2.7, B4.6.10, B4.7.2, B4.14.10, CB4.3.1; Table 2). In all of
these plants, the transmission of the mutated chromosome (primary and secondary paraclades). The distribution of L2
mosaic ¯owers and L2L3 mosaic ¯owers that we recoveredwas reduced, resulting in a depression in the recovery of
nonrecombinant (PI TTG) or the recombinant (PI ttg) class. suggested that the contributions of L2 and L3 layers differed
in different regions of the plant. L2 mosaics were recoveredHowever, the B4.7.2 sectored plant produced an anomalous
segregation pattern, in that the PI TTG nonrecombinant in ¯owers derived from all positions examined (Table 3).
L2L3 mosaics, however, were not recovered in the mainclass of albino progeny was signi®cantly reduced, but the
recombinant PI ttg class was enhanced. This segregation ¯orescence and were only found in the paraclades (Table 3).
Since both types of mosaics were found in the paraclades,pattern can be explained by hypothesizing that two dele-
tions were induced on this chromosome; one deletion en- the L2 and L3 layers from the primary shoot apical meristem
must contribute to these structures. Therefore, the skewingcompassed the ALB2 locus, while another lesion mapping
near the TTG locus also contributed to the reduced trans- of the recovery of L2L3 mosaic ¯owers to paraclades sug-
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x09$$8136 01-24-96 02:34:20 dba Dev Bio
27Cell Fate in the Arabidopsis Flower
TABLE 2
Segregation of Marker Phenotypes in the Progeny of Periclinal L2 Mosaic Flowers
Albino Green
PI pi pi PI PI pi pi PI
Plant TTG ttg TTG ttg NSa Total TTG ttg TTG ttg NSa Total
B4.1.13 19 4 2 3 10 38 0 0 0 0 0 0
B4.14.11 135 29 15 11 247 437 32 1 0 3 0 36
B4.2.7 30 25 3 0 85 143 37 0 1 4 53 95
B4.6.10 62 39 3 2 58 164 2 2 0 0 2 6
B4.7.2 17 63 2 15 71 168 0 0 0 0 0 0
B4.14.10 8 58 9 0 100 175 154 7 0 9 0 170
CB4.3.1 3 19 3 0 76 101 0 0 0 0 0 0
B4.1.11 0 69 6 0 26b 101 2 0 0 0 0 2
a Not able to score one or both markers in tissue culture.
b No wild-type PI phenotype detected in this pool.
gests that cell layer invasion events must occur with in- those two organs arose from different lineages (Sturtevant,
1929). The frequencies with which mosaic boundaries fellcreased frequency in the formation of paraclade branches.
Flowers in which only a portion of a cell layer was albino between each sepal and carpel, as well as the frequency of
mosaic boundaries which fell within an organ are given incould be used to map the fates of cells derived from a single
cell layer of the ¯oral shoot apical meristem. We scored the Table 4. Such estimates can be used to construct a fate map
of the Arabidopsis ¯ower primordium (Fig. 4). The fate mapdistribution of albino regions in the sepals and carpels of
71 L2 mosaic ¯owers. The distribution of albino sectors in produced from these data suggest that the ¯oral primordium
is almost ¯at and ellipsoid in shape. In addition, the organthese mosaic ¯owers is diagrammed in Fig. 3. Based on the
width of the sector within an organ, the number of initial primordia do not abut and are placed at some distance from
each other.cells giving rise to an organ can be estimated (Dawe and
Freeling, 1991, 1992). This method assumes that all primor-
dial cells proliferate at equivalent rate and contribute
Cell Layer Origin of Gametesequally to the differentiated organ. Since the smallest L2
sector recovered in a given sepal was about 1/4 the width We also investigated the cell layer origin of the gametes.
of the sepal, we estimate that about four L2 initial cells In eight cases we were able to recover progeny from sel®ng
give rise to each sepal. Similarly, since the smallest sector of L2 chimeras (Table 2). In six cases, almost all of the
recovered in a carpel spanned about 1/4 of its width, it progeny were albino, indicating the L2 origin of both male
appears that about four initial cells are allocated to each and female gametes. The small number of green progeny
carpel. The contribution of primordial cells to a differenti- recovered in these crosses was probably due to the infre-
ated structure can also be assessed by calculating the fre- quent contribution of genetically wild type L1 or L3 lineages
quency with which a mosaic boundary falls between two to gametophytic tissues. Two sectored plants (B4.2.7 and
organs, which is a measure of the frequency with which B4.14.10; Table 2) produced respectively 40 and 50%
green progeny upon sel®ng. In these cases, either a signi®-
cant number of non-L2 derived cells have contributed to
the gametophytic lineages, or the induced mutation has af-
TABLE 3 fected the transmission of chromosome 5 but has not dis-
Origin of the Two Classes of Floral Sectors rupted the ALB2 locus.
Class of sectored Main Primary Secondary
¯ower ¯orescence paraclade paraclade
DISCUSSION
L2 mosaic ¯owers 6 (9)a 4 (10) 3 (8)
(green pedicel)
Generation of Genetic Mosaics in ArabidopsisL2L3 mosaic ¯owers 0 (0) 8 (31) 6 (35)
(white pedicel) We have used ionizing radiation to generate Arabidopsis
plants that are genetically mosaic for the alb2 mutation.a The ®rst value indicates the number of in¯orescence stems
Ionizing radiation has been routinely used in maize to pro-containing the corresponding mosaic type; the value in parentheses
indicates the number of mosaic ¯owers scored. duce large chromosomal de®ciencies (Coe et al., 1988; Hake
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FIG. 3. Schematic diagram of sectored ¯owers recovered in this study. Each panel represents the approximate extent of the sector within
the L2 layer, with the number of occurrences of each sector type indicated below. Stippling indicates green tissue, un®lled areas represent
albino tissue. The last panel indicates the organs scored in this experiment. AB, abaxial sepal, AD, adaxial sepal; LL, left lateral sepal;
RL, right lateral sepal; LC, left carpel; RC, right carpel.
and Freeling, 1986). In Arabidopsis ionizing radiation can genome may contain genes required for sporogenesis or ga-
metophyte viability.induce chromosomal de®ciencies frequently spanning more
than 19.5 cM (Timpte et al., 1994; Vizir et al., 1994). Of 27
albino mosaic plants tested, we found that only eight were
A Fate Map of the Arabidopsis Flowerable to set viable seed. Of these eight plants, one appears
to contain a transmissible deletion that spans at least the Using these mosaic plants, we have examined the contri-
butions of the different meristematic cell layers to theALB2 and PI loci (Table 2). The other seven plants contain
lesions that either do not affect transmission or reduce ¯ower, as well as the relative contribution of cells within
each layer to the ¯ower. We ®nd that the L3 layer doestransmission of the mutated chromosome. In several other
studies utilizing ionizing radiation to generate chromo- not contribute signi®cantly to the sepals and has a variable
contribution to the carpels. The L2 layer appears to contrib-somal deletions in Arabidopsis, it was found that large chro-
mosomal deletions in speci®c regions of the genome were ute to a signi®cant proportion of the subepidermal ¯oral
tissues. As with other dicots, we ®nd that the gametes ap-either not transmitted or only weakly transmitted to the
progeny (Hirono and Redei, 1965; Clark et al., 1993; Timpte pear to be largely derived from the L2 layer in Arabidopsis.
The distribution of mosaic ¯ower types within the in¯o-et al., 1994; Vizir et al., 1994). These studies show that
the frequency of transmissibility appears to be different for rescences indicates that the in¯orescences are all composed
of derivatives from all three cell layers, but L2L3 mosaicsdifferent regions of the genome. Our results showing poor
transmission of chromosomal aberrations on the top arm are found exclusively in the axillary in¯orescences. The
recovery of L2L3 mosaics only in axillary in¯orescencesof chromosome 5 suggest that this region of the Arabidopsis
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TABLE 4 The construction of a fate map for the ¯oral meristem
Number and Frequency of Mosaic Boundaries Occurring between implies that cell fates in the ¯oral meristem are established
Different Points within the Arabidopsis Flower early in development. However, the fact that we can recover
sectors that variably span a given organ (Fig. 3) indicates
Boundaries falling between organsa Numberb Sturt distancec that cell fates are not irrevocably assigned. Since ¯oral meri-
AD±RL 15 21
stematic cells have preferred but not rigidly de®ned fates,RL±AB 25 35
positional cues must in¯uence their eventual differentiatedAB±LL 17 24
identity. At least one positional cue involved in coordinat-LL±AD 24 34
ing the appropriate development of the ¯ower appears toLC±RC 21 29
LC±LL 18 25 depend on the function of the PI gene.
RC±RL 18 25
Boundaries falling within organs The Role of PI in Establishing the Floral Pattern
AD 27 38
LL 15 21 Out of 19,100 plants scored, we did not recover any ¯ow-
RL 10 14 ers which showed a pi mutant phenotype. This observation
AB 19 27 stands in comparison to the frequency with which we recov-
LC 27 38 ered alb2 sectors (0.7%) and ttg sectors (0.13%). Based on
RC 15 21
segregation tests of progeny from one alb2 mosaic plant,
the PI gene appeared to be deleted in the subepidermal tis-a Organs notated as in Fig. 3.
sues, and yet the mosaic ¯owers had a wild-type phenotype.b Number of mosaic boundaries falling between organs indicated.
c Sturt distance (Hotta and Benzer, 1972) is an estimate of fre- This observation suggests that the PI gene acts non-cell-
quency of mosaic boundaries, and is calculated by dividing the autonomously and indicates that signals from the L1 layer
number of mosaic boundaries by the total number of mosaic ¯ow- can induce the appropriate development of the underlying
ers scored, multiplied by 100. tissue layers in the Arabidopsis ¯ower. Furthermore, the
lack of recovery of pi mutant ¯owers in this mutagenized
population suggests that the lack of the PI gene product in
any cell layer can be compensated for by PI function in
appears to re¯ect the ``®xation'' of cell layer invasion events other cell layers.
during the establishment of axillary in¯orescence primor- The contribution of PI in cell±cell communication events
dia. Fixation of subsets of lineages during development has can be accounted for by several models. One way in which
been observed in a wide variety of species (Klekowski, the PI gene product might be acting is by directly moving
1988). from one cell to another as proposed for the maize homeo-
The distribution of albino sectors within the L2 layer box-containing protein KNOTTED (Jackson et al., 1994;
was used to construct a fate map of the Arabidopsis ¯oral Smith and Hake, 1994). These and other observations have
primordium. Based on the width of sectors, we estimated led to a model whereby the knotted/ gene product acts to
that each sepal and each carpel derived from at least four maintain a proliferative state (Jackson et al., 1994; Smith
primordial cells. This suggests that a minimum of 24 L2
cells give rise to the ¯ower. This estimate, however, does
not account for petals and stamens, which were not scored
in these experiments. A fate map based on scoring sepal
sectors alone has been generated (Furner and Pumfrey, 1993)
and is similar in overall shape to our map. However, Furner
and Pumfrey's (1993) fate map indicates that lateral sepal
primordia are displaced downward from the abaxial and ad-
axial sepal primordia. Our data suggest that these primordia
may be slightly displaced, but lie on an almost ¯at plane.
This discrepancy may be due to the fact that we also scored
sectors that fell within carpels or between carpels and sepals
(Fig. 3). These additional data increase the estimates of dis-
tances between lateral sepals, and thus result in a ¯atter
map as compared to that of Furner and Pumfrey (1993).
FIG. 4. A fate map of the Arabidopsis ¯oral primordium. BarsOur fate map also indicates that ¯oral organ primordia
represent organ primordia, with notations as in Fig. 3. Each bar is
arise at some distance from each other. This could occur drawn to scale in sturts, and the distances between primordia are
if not all meristematic cells gave rise to organ primordia. given by arrows with sturt distances indicated. Sturt distances are
Alternatively, a discontinuity in the rates and planes of cell calculated in Table 4. Using the calculated sturt distances to trian-
division between developing organ primordia could result gulate suggests that the map corresponds to an almost ¯at ellipsoid
shape.in the perceived sturt distances between primordia.
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States Department of Agriculture and National Science Foundationand Hake, 1992, 1994). Another possibility is that PI may
to V.F.I., a Lavoisier fellowship from the French MinisteÁre des Af-act in a nonautonomous fashion by controlling the produc-
faires EtrangeÁ res to K.B., and a grant from the McKnight Foundationtion of a diffusible molecule. Alternatively, PI may regulate
to Yale University.genes involved in cell shape changes in the L1 layer, which
have been postulated to be critical for the appropriate devel-
opment of the underlying layers (Green, 1980). De®ning the
REFERENCESgenes which are regulated by PI may help to distinguish
between these possibilities.
Bowman, J. L., Smyth, D. R., and Meyerowitz, E. M. (1989). GenesThe Antirrhinum GLOBOSA (GLO) gene appears to be a
directing ¯ower development in Arabidopsis. Plant Cell 1, 37±homolog of the Arabidopsis PI gene (Goto and Meyerowitz,
52.1994, Trobner et al., 1992). Sectorial reversion of an unsta-
Bowman, J. L., Smyth, D. R., and Meyerowitz, E. M. (1991). Geneticble GLO allele can lead to a patch of wild-type petal epider-
interactions among ¯oral homeotic genes of Arabidopsis. Devel-
mal tissue, and this observation has been interpreted to opment 112, 1±20.
suggest that the GLO gene product functions cell-autono- Carpenter, R., and Coen, E. S. (1995). Transposon induced chimeras
mously (Trobner et al., 1992). GLO transcripts can be de- show that ¯oricaula, a meristem identity gene, acts non-autono-
tected in revertant sectors (Trobner et al., 1992), but it has mously between cell layers. Development 121, 19±26.
Clark, S. E., Running, M. P., and Meyerowitz, E. M. (1993). CLA-not been reported as to whether GLO is expressed within
VATA1, a regulator of meristem and ¯ower development in Ara-all three cell layers of the revertant tissue. The apparent
bidopsis. Development 119, 397±418.discrepancy between the postulated autonomous action of
Coe, E. H., Hoisington, D. A., and Neuffer, M. G. (1988). The genet-the GLO gene product and our results suggesting nonauton-
ics of corn. In ``Corn and Corn Improvement.'' (G. F. Sprague andomy of the homologous PI gene product can be reconciled
J. W. Dudley, Eds.), Am. Soc. Agron., Madison, WI.by hypothesizing that these gene products act similarly to
Coen, E. S., and Meyerowitz, E. M. (1991). The war of the whorls:
mediate signaling events between cell layers, but not within Genetic interactions controlling ¯ower development. Nature
a particular cell layer. Alternatively, the GLO and PI gene 353, 31±37.
products may have different functions in regulating ¯oral Dawe, R. K., and Freeling, M. (1991). Cell lineage and its conse-
development. quences in higher plants. Plant J. 1, 3±8.
Dawe, R. K., and Freeling, M. (1992). The role of initial cells inOnly a few cases of this type of cell layer interaction
maize anther morphogenesis. Development 116, 1077±1085.have been documented in ¯owers. Interspeci®c periclinal
Furner, I. J., and Pumfrey, J. E. (1992). Cell fate in the shoot apicalchimeras have been reported in which the L1 was derived
meristem of Arabidopsis thaliana. Development 115, 755±764.from Camellia sasanqua, which has perfect ¯owers, and
Furner, I. J., and Pumfrey, J. E. (1993). Cell fate in the in¯orescencethe L2 and L3 from C. japonica, which lacks reproductive
meristem and ¯oral buttress of Arabidopsis thaliana. Plant J. 4,structures (Stewart et al., 1972). These chimeric Camellia
917±931.
¯owers contained stamens and carpels, indicating that the Goto, K., and Meyerowitz, E. M. (1994). Function and regulation
L1 layer was important in promoting the development of of the Arabidopsis ¯oral homeotic gene PISTILLATA. Genes
these organs. Quantitative traits have also been found to be Dev. 8, 1548±1560.
in¯uenced by the genotype of the L1 layer in Nicotiana Green, P. B. (1980). OrganogenesisÐa biophysical view. Annu. Rev.
Plant Physiol. 31, 51±82.interspeci®c chimeras (Marcotrigiano, 1985). Investigation
Hake, S., and Freeling, M. (1986). Analysis of the genetic mosaicsof the cellular nonautonomy of ¯o gene in Antirrhinum
shows that the extra epidermal cell divisions in Knotted mutantmajus has shown that a wild-type L1 cell layer can confer
maize plants are induced by adjacent mesophyll cells. Naturea nearly wild-type phenotype on an otherwise genetically
320, 621±623.¯o mutant ¯ower, but that the other layers also contribute
Hantke, S. S., Carpenter, R., and Coen, E. S. (1995). Expression ofto a lesser extent to the acquisition of the wild-type ¯oral
¯oricaula in single cell layers of periclinal chimeras activates
phenotype (Carpenter and Coen, 1995; Hantke et al., 1995). downstream homeotic genes in all layers of ¯oral meristems.
It has not been demonstrated that the ¯o gene product itself Development 121, 27 ±35.
moves between cell layers; ¯o could be regulating the ex- Hill, J. P., and Lord, E. M. (1989). Floral development in Arabidopsis
pression of a diffusible substance. Together, these observa- thaliana: A comparison of the wild type and the homeotic pis-
tillata mutant. Can. J. Bot. 67, 2922±2936.tions suggest that gene expression in the L1 layer plays an
Hirono, Y., and Redei, G. P. (1965). Induced premeiotic exchangeimportant role in regulating the morphogenesis of ¯oral
of linked markers in the angiosperm, Arabidopsis. Genetics 51,form in a variety of dicot species.
519±526.
Hotta, T., and Benzer, S. (1972). Mapping of behaviour in Drosoph-
ila mosaics. Nature 240, 527±535.
ACKNOWLEDGMENTS Irish, V. F. (1993). Cell fate determination in plant development.
Semin. Dev. Biol. 4, 73±81.
Irish, V. F., and Sussex, I. M. (1992). A fate map of the ArabidopsisWe thank Dr. M. Koornneef and the AIS Stock Center for gifts
of strains, and Drs. J. Langdale and Ian Furner, and members of embryonic shoot apical meristem. Development 115, 745±753.
Jackson, D., Veit, B., and Hake, S. (1994). Expression of maizethe Irish and Nelson labs for discussions and comments on the
manuscript. This research was supported by grants from the United KNOTTED1 related homeobox genes in the shoot apical meri-
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x09$$8136 01-24-96 02:34:20 dba Dev Bio
31Cell Fate in the Arabidopsis Flower
stem predicts patterns of morphogenesis in the vegetative shoot. Sommer, H. (1990). Genetic control of ¯ower development by
homeotic genes in Antirrhinum majus. Science 250, 931 ±936.Development 120, 405±413.
Smith, L. G., and Hake, S. (1992). The initiation and determinationJegla, D. E., and Sussex, I. M. (1989). Cell lineage patterns in the
of leaves. Plant Cell 4, 1017±1027.shoot meristem of the sun¯ower embryo in the dry seed. Dev.
Smith, L. G., and Hake, S. (1994). Molecular speci®c approaches toBiol. 131, 215±225.
leaf development: Knotted and beyond. Can. J. Bot. 72, 617 ±625.Klekowski, E. J. (1988). ``Mutation, Developmental Selection, and
Steeves, T. A., and Sussex, I. M. (1989). ``Patterns in Plant Develop-Plant Evolution.'' Columbia Univ. Press, New York.
ment.'' Cambridge Univ. Press, Cambridge, UK.Koornneef, M. (1981). The complex syndrome of ttg mutants. Ara-
Stewart, R. N. (1978). Ontogeny of the primary body in chimeralbidopsis Inf. Serv. 18, 45 ±51.
forms of higher plants. In ``The Clonal Basis of Development''Koornneef, M., Chang, C., Goodman, H. M., Hanley, S., Cartinhour,
(S. Subtelny and I. M. Sussex, Eds.), pp. 131 ±160.S., Cherry, J. M., Hauge, B. M., Kempin, S., Medrano, L., Meyero-
Stewart, R. N., Meyer, F. G., and Dermen, H. (1972). Camellia/witz, E. M., and Stam, P. (1993). Linkage map of Arabidopsis
`Daisy Eagleton,' a graft chimera of Camellia sasanqua and C.thaliana 2N-10. In ``Genetic Maps'' (S. J. O'Brien, Ed.), Cold
japonica. Am. J. Bot. 59, 515±524.Spring Harbor Press, Plainview, NY.
Sturtevant, A. H. (1929). The claret mutant type of DrosophilaMarcotrigiano, M. (1985). Experimentally synthesized plant chime-
simulans: a study of chromosome elimination and cell lineage.ras. 3. Qualitative and quantitative characteristics of the ¯owers
Z. Wiss. Zool. 135, 323±356.of interspeci®c Nicotiana chimeras. Ann. Bot. 57, 435±442.
Tilney-Bassett, R. A. E. (1986). ``Plant Chimeras.'' Arnold, London.McDaniel, C. N., and Poethig, R. S. (1988). Cell-lineage patterns
Timpte, C., Wilson, A. K., and Estelle, M. (1994). The axr2-1 muta-in the shoot apical meristem of the germinating embryo. Planta
tion of Arabidopsis thaliana is a gain of function mutation that175, 13±22.
disrupts an early step in auxin response. Genetics 138, 1239±Poethig, R. S. (1987). Clonal analysis of cell lineage patterns in
1249.plant development. Am. J. Bot. 74, 581 ±594.
Trobner, W., Ramirez, L., Motte, P., Hue, I., Huijser, P., Lonnig,Poethig, R. S., Coe, E. H., Jr., and Johri, M. M. (1986). Cell lineage
W. E., Saedler, H., Sommer, H., and Schwarzsommer, Z. (1992).patterns in maize embryogenesis: A clonal analysis. Dev. Biol.
GlobosaÐa homeotic gene which interacts with de®ciens in the117, 392±404.
control of antirrhinum ¯oral organogenesis. EMBO J. 11, 4693±Relichova, J. (1976). Some new mutants. Arab Inf. Serv. 13, 25±28.
4704.Satina, S., Blakeslee, A. F., and Avery, A. G. (1940). Demonstration
Vizir, I. Y., Anderson, M. L., Wilson, Z. A., and Mulligan, B. J.of the three germ layers in the shoot apex of Datura by means
(1994). Isolation of de®ciencies in the Arabidopsis genome byof induced polyploidy in periclinal chimeras. Am. J. Bot. 27, 895±
gamma irradiation of pollen. Genetics 137, 1111±1119.905.
Schwarz-Sommer, Z., Huijser, P., Nacken, W., Saedler, H., and Received for publication August 17, 1995
Accepted December 2, 1995
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x09$$8136 01-24-96 02:34:20 dba Dev Bio
